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Abstract
Background and aim
Polyetheretherketone (PEEK) materials already have been used successfully in orthopedic and especially spine
surgery. PEEK is radiolucent and comparable with bone regarding elasticity. However, PEEK is inert and the adhe-
sion of PEEK implants to bone tissue proceeds slowly because of their relatively low biocompatibility. The aim of
the study is to evaluate the effect of titanium and CaP coating on the adhesion of bone tissue.
Material and Methods
Six adult sheep (body weight 57.6 ± 3.9 kg) were included in this study. Three different types of cylindrical dowels
(12 mm length x 8 mm diameter) were implanted in long bones (tibia and femur): PEEK dowels without coating
(the control group), and PEEK dowels with a nanocoating of calcium phosphate (CaP group) or titanium (titanium
group). Animals were sacrificed after 6, 12 and 26 weeks. Dowels were explanted for micro CT and histology.
Results
Bone implant contact (BIC) ratio was significantly higher in the titanium versus control groups in the 6 to 12 weeks
period (p = 0.03). The ratio between bone volume and tissue volume (BV/TV) was significantly higher in titanium
versus control in the 6 to 12 weeks period (p = 0.02). A significant correlation between BIC and BV/TV was seen
(r = 0.85, p < 0.05).
Conclusion
Coating of PEEK dowels with a nanocoating of titanium has beneficial effects on adhesion of bone tissue.
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Introduction
Until now the polyetheretherketone (PEEK) materi-
als already have been used successfully in orthopedic
and especially spine surgery.1
Peek implants are known to have good mechanical
properties and elasticity, compared to other materi-
als.2 Another great advantage of PEEK is its radiolu-
cency. It can be imaged by X-ray, CT scan or MRI in
contradiction with titanium used in these applica-
tions.1
However, the adhesion of PEEK implants to bone
tissue proceeds slowly because of their relatively low
biocompatibility. PEEK is an inert material and its in-
tegration with bone is limited.3
The biocompatibility of the implant is strongly af-
fected by its surface characteristics including the sur-
face roughness, wettability and chemical composi-
tion. Therefore considerable efforts have focused on
modifying the surface of the PEEK implants.4
Another way of surface modifications of the PEEK
implant is the application of bioactive coating materi-
als using various physical and chemical methods.5,6
The aim of this animal study was to combine the ad-
vantages of titanium and PEEK and to evaluate the
effect on biocompatibility of nanocoating of PEEK
implants with titanium and CaP.
Materials and Methods
Dowels
Cylindrical shaped dowels (Orthobion GmbH, Kon-
stanz, Germany) of 12mm length and 8mm diameter
were used for implantation. These implants have
been coated with titanium and calcium phosphate
(CaP) in a unique physical nanofilm coating tech-
nique.
The thickness of the coating was +/- 275nm. The
coating was added to the PEEK material in order to
increase the bone volume; bone density and bone im-
plant contact. The dowels were divided in two study
groups: the titanium group and the CaP group, and a
control group.
Experimental groups
Six adult, female, Swifter sheep (body weight 57.6 ±
3.9 kg) were included in this study. Three different
types of cylindrical dowels (12 mm length x 8 mm di-
ameter) were implanted in long bones, femur and tib-
ia. PEEK dowels without coating served as the con-
trol group; PEEK dowels with a nanocoating of tita-
nium ("the titanium group") and PEEK dowels with
a nanocoating of CaP (CaP group) served as study
groups.
Two uni-cortical defects were created in both the dis-
tal lateral femur and the proximal medial tibia of left
and right hind legs. This resulted in 8 defects in each
sheep.
In each sheep, 2 PEEK, 3 CaP and 3 titanium dowels
were randomly implanted in tibia or femur (shown in
Table 1).
Table 1. Experimental set-up.
Animal preparation and anesthesia
All animals received human care in compliance with
the FELASA guidelines and recommendations. The
study was approved by the Ethical Committee for
Animal Research at Medanex Clinic (EC Mx-
Cl-2012-010).
At first, animals were sedated with an intravenous
(IV) injection of 0.1 mg/kg xylazine (Xyl-M 2%;
V.M.D.nv/sa, Arendonck, Belgium). Induction of
anesthesia was obtained by an injection of 0.2 mg/kg
midazolam IV (Dormicum, N.V. Roche S.A., Brus-
sels, Belgium) and 4 mg/kg ketamine IV (Ketamine
1000 CEVA, Ceva Santé Animale, Brussels, Bel-
gium). Animals were intubated with a cuffed endotra-
cheal tube (internal diameter of 7-8 mm) (Kruuse,
Langeskov, Denmark). The animal was placed in
supine position on the operating table, and connect-
ed to the mechanical ventilator. Anesthesia was
maintained with 1.5%-2% isoflurane (IsoFlo, Ecuphar,
Oostkamp, Belgium). Mechanical ventilation was
provided with a volume-controlled ventilator (Ci-
cero; Dräger, Lübeck, Germany) at a tidal volume of
8-10 mL/kg body weight with an inspiratory oxygen
fraction (FiO2) of 0.5.
ECG electrodes and saturation probe were attached
and a venous catheter was inserted in the left jugular
vein for administration of fluids and drugs. Each
sheep received 2.2 mg/kg ceftiofur IV (Excenel, Pfiz-
er Animal Health S.A., Louvain-la-Neuve, Belgium)
and 40,000 IU/kg Natriumbenzylpenicilline IV
(Penicilline, Kela, Sint-Niklaas, Belgium) per opera-
tively.
The operation field was scrubbed with chloorhexi-
dine digluconate (Hibiscrub, Regent Medical, Man-
chester, UK) and disinfected with an antiseptic solu-
tion of ethanol 96% (Stella, VWR, Haasrode, Bel-
gium). Thereafter, the sheep was draped.
Implantation of cylindrical dowels and postoperative
follow-up
Firstly, an incision was made at the left distal lateral
femur. Two uni-cortical defects were created by us-
ing a surgical, sterile motor and a drill n°7. Two dow-
els, randomly chosen, were inserted. The subcutis
was sutured with an absorbable suture 2.0 (Vicryl,
Study Design (Animals n = 6)
Follow-up 6 weeks 12 weeks 26 weeks
Animals n = 2 n = 2 n = 2
Implants n = 16 n = 16 n = 16
Location
Tibia
n = 8
Femur
n = 8
Tibia
n = 8
Femur
n = 8
Tibia
n = 8
Femur
n = 8
Coating
Control n =4
Titanium n = 6
CaP n=6
Control n =4
Titanium n = 6
CaP n=6
Control n =4
Titanium n = 6
CaP n=6
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Johnson and Johnson Intl., St-Stevens Woluwe, Bel-
gium). The skin was sutured with a non-absorbable
suture 2.0 (Ethilon, Johnson and Johnson Intl., St-
Stevens Woluwe, Belgium).
This procedure was repeated at the right distal lateral
femur and at the left and right proximal medial tibia.
Postoperatively, all animals were checked daily by an
experienced veterinarian. Rectal temperature (d0-d7)
was measured, wounds were disinfected and evaluat-
ed (d0-d14) and weight bearing was evaluated. An-
tibiotics, 2.2 mg/kg ceftiofur IV (Excenel, Pfizer Ani-
mal Health S.A., Louvain-la-Neuve, Belgium) were
administered daily for 5 days. Analgesia, 0.005 mg/
kg buprenorphin (Vetergesic, Ecuphar, Oostkamp,
Belgium) was administered twice a day during 3 days,
or 5 days if needed.
Euthanasia and retrieval of the dowels
Two animals were sacrificed after 6 weeks, 2 animals
after 12 weeks and 2 animals after 26 weeks of follow-
up. After induction of general anesthesia by an injec-
tion of 0.2 mg/kg midazolam IV (Dormicum, N.V.
Roche S.A., Brussels, Belgium) and 4 mg/kg keta-
mine IV (Ketamine 1000 CEVA, Ceva Santé Ani-
male, Brussels, Belgium), animals were euthanized
by an IV injection of T61 (Intervet International B.V.,
Brussels, Belgium). Implants surrounded by a cube
of bone tissue were explanted and stored in formalde-
hyde 4% for 48 hours. Thereafter, bone samples were
stored in ethanol (80%) until further analysis (µCT
and histology).
Micro-Computed Tomography
All micro-computed tomography (µCT) analyses
have been done by an independent third party re-
viewer blinded to the study protocol.
At each time point (6, 12, and 26 weeks after implan-
tation) 16 samples, containing the implant were ex-
planted from the sheep's tibia or femur and scanned
with a µCT scanner, providing 56 3D images of reso-
lution 7.5 x 7.5 x 7.5 µm3.
The first step in the quantitative analysis is the detec-
tion of the cylindrical dowel in the images, which is
performed by the combination of a circular Hough
transform and linear curve fitting (Figure 1).
To measure the global bone-implant contact (BIC), a
cylindrical slice is sampled at a constant distance of
30 voxels or 225 µm from the implant surface. For vi-
sualization purposes, this slice could be stratified, as
shown in Figure 2. It is, thus, a representation of the
first shell around the dowel.
The BIC is then defined as the percentage of bone
pixels within this slice. A pixel is classified as bone,
using a threshold that best separates bone from non-
bone tissue based on the image histograms.
Next, 60 volumes of interest (VOIs) are determined
around the implant (5 layers of 12 segments), as illus-
trated by Figure 3.
Statistics
All statistical analyses have been done by an indepen-
dent third party reviewer blinded to the study proto-
col.
The data were analyzed using ANOVA models. The
dependent variables are metric so a 2 factorial ANO-
VA model was applied containing two between the
factors of dowel type and time.
The image analysis applied to the three different test-
ed dowel-groups resulted in a data series covering
Fig. 1. Detection of the cylindrical dowel with original image (a), dowel
probability map (b), Hough transformed image (c), and line fitting through
the maxima of the Hough images (d).
Fig. 2. Images sampled at 30 voxels from the implant surface and stratified
for visualization.
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healing in a 26 week period. Observations are avail-
able for 3 moments in time: 6 weeks, 12 weeks and 26
weeks post-surgery. In order to reduce the effect of
outliers and general variability, the 24 images/data
points available per dowel were averaged to obtain
one single measurement for BIC and bone volume/
tissue volume (BV/TV).
Histology
Histology was done by a third party, who was blinded
to the study protocol.
After initial storage in ethanol 80%, further dehydra-
tion in a graded series of ethanol namely 80%, 90%,
94% and methanol was executed. Thereafter, the
samples were placed in a recipient with methyl-
metacrylate, followed by hardening during a few
weeks. Once the methylmetacrylate was hardened,
sawing was performed under constant water cooling.
Sections (of a thickness of 120 µm approximately)
were sawn with a diamond blade. All samples were
polished to a thickness of approximately 50µm and
stained with Stevenel’s blue and Von Gieson’s picro-
fuchsin. Every dowel leaded to 3 sections. The histo-
logic examination of the sections was performed us-
ing light microscopy.
Results
Animal study and explantation of dowels
All animals underwent anesthesia without problems
and recovered well.
No infections occurred and fever was absent. In the
beginning, weight bearing was only 50% in 3/6 sheep.
In all sheep, small to large swellings were seen at the
different operation sites in the early post-operative
period. After 14 days, swellings were reduced and
weight bearing was normal in all sheep.
Two animals were sacrificed after 6 weeks, 2 animals
after 12 weeks and 2 animals after 26 weeks of follow-
up and dowels were explanted. Due to overgrowth
with bone tissue, some of the dowels were hit during
sawing out.
Micro-Computed Tomography
In total, 48 samples (8 implants, 6 sheep) were ana-
lyzed quantitatively.
In the figure below, a representative slice of each
group is given. Visually, the samples with highest
bone integration are from the titanium group (Figure
4a) and CaP group (Figure 4b); the lowest bone inte-
gration is attained for the control group (Figure 4c).
Statistics
No significant difference was seen after a complete
analysis of BIC over time in the three groups (Figure
5).
However, in a more focused analysis, the interaction
component for 6 to 12 weeks data becomes signifi-
cant between the titanium group and the control
group: F(1;16) = 5.7075, p = 0.02956 (Figure 6).
Regarding BIC, no significant differences were seen
between the titanium group and the CaP group.
Similar results were observed for BV/TV: no signifi-
cant differences after a complete analysis of BV/TV
over time in the three groups(Figure 7).
A significant difference in BV/TV between the titani-
Fig. 3. Volumes of interest (blue) around the dowel (orange). In this figure,
24 VOIs are drawn (3 times 8). In our analysis we use 60 VOIs (5 times
12). Fig. 4. Representative slices for titanium, (A), CaP, (B) and control (C).
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um group and the control was observed in the 6 to 12 weeks period (p = 0.02301)(Figure 8).
No significant differences were seen for BV/TV be-
tween the titanium group and CaP.
In Table 2 and Table 3 descriptive information on
BIC and BV/TV, respectively, is shown.
A strong positive correlation (r = 0.85, p < 0.05) was
observed between BIC and BV/TV (see Figure 9).
Histology
In order to illustrate the results obtained by means of
µCT, 1 implant of each group (titanium, CaP and
control), were used for histological analysis (Figure
10). On the sections of titanium and CaP, direct bone
implant contact was seen (Figure 10a and Figure 10b,
Table 2. Descriptive information on bone implant contact.
Fig. 5. Time * Treatment statistics for BIC in the 6 to 26 weeks period. No
significant differences were observed (p = 0.24100).
Fig. 6. Time * Treatment statistics for BIC in the 6 to 12 weeks period. BIC
was significantly higher in the titanim group compared to the control.
Fig. 7. Time * Treatment statistics for BV/TV in the 6 to 26 weeks period.
No significant differences were observed (p = 0.28789).
Fig. 8. Time * Treatment statistics for BIC in the 6 to 12 weeks period. BIC
was significantly higher in the titanium group compared to the control.
BIC 6 weeks 12 weeks 26 weeks
Titanium N 6 6 6
Mean 22.783 65.040 67,.902
Std.Err. 7.228 7.228 7.228
CaP N 6 6 6
Mean 45.170 61.663 63.184
Std.Err. 7.228 7.228 7.228
Control N 4 4 4
Mean 28.437 41.670 53.793
Std.Err. 8.852 8.852 8.852
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respectively). The surface of the implant was covered
with bone trabeculae; whereas on the sections of the
control a fibrotic layer was seen between the dowel
and the surrounding bone tissue (Figure 10c). Areas
of cartilage were present as well in the control. These
histological findings are a tool to confirm the results
obtained with the analysis of all data by µCT and ap-
proved with a statistical analysis using ANOVA mod-
els concentrating on BIC and BV/TV.
Discussion
In this animal study, long bones of sheep (femur and
tibia) were implanted with coated and uncoated (con-
trol) dowels to assess the effect of nanocoating of
PEEK on the adhesion of bone.
Table 3. Descriptive information on bone volume/tissue volume.
We have demonstrated that coating of PEEK dowels
with a nanocoating of titanium has beneficial effects
on adhesion of bone tissue. A strong correlation was
seen between BIC and BV/TV.
Both BIC and BV/TV were significantly higher in the
titanium group versus the control group in the 6 to 12
weeks period.
PEEK materials are widely used in orthopedic and
especially spine surgery. PEEK has good mechanical
properties; however the adhesion of PEEK implants
to bone tissue proceeds slowly because of their inert
properties.7 Several techniques exist to modify the
surface of implantable devices in order to enhance
the bioactivity. Khoury et al. developed a new accel-
erated neutral atom beam technique. The obtained
texture seemed to be advantageous for cell attach-
ment and proliferation.7 Another group described
that formation of a sol–gel-formed calcium phos-
phate film, identified as a poorly crystallized hydrox-
yapatite layer, over titanium implants had a signifi-
cantly beneficial effect on the rate of bone ingrowth
into the porous region thereby resulting infaster im-
plant fixation and osseointegration.8
To our knowledge, we are the first to combine a
nanocoating of titanium and calcium phosphate with
the PEEK material in order to combine the advan-
tages of different materials.
In this study, the sheep was chosen because of sever-
al advantages, related to this animal model. Com-
pared to pigs, sheep are easy to house and to handle,
which is very beneficial during the post-operative pe-
riod.9 Clinical examinations, temperature measure-
ments, wound care etc. are much easier to perform in
BV/TV 6 weeks 12 weeks 26 weeks
Titanium N 6 6 6
Mean 21.217 45.236 47.036
Std.Err. 6.538 6.538 6.538
CaP N 6 6 6
Mean 37.027 42.533 49.995
Std.Err. 6.538 6.538 6.538
Control N 4 4 4
Mean 36.889 29.315 40.498
Std.Err. 8.007 8.007 8.007
Fig. 9. Correlation between BIC and BV/TV.
Fig. 10. Histological sections stained with Stevenel’s blue and Von Gieson’s
picrofuchsin of (a) titanium with direct bone implant contact, (b) CaP with
direct bone implant contact (c) Control presence of cartilage tissue and
fibrotic layers between the dowel and the surrounding bone tissue.
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sheep compared to pigs which are stressed and agi-
tated more easily. Pigs were less suitable for this
study with long term follow-up period due to their
large growth rate as well.
In contradiction with goats, which often stand on
their hind legs, the weight bearing of sheep is more
equally divided over their 4 legs, which leads to more
uniform loading of the implants. In sheep, there is al-
so more inter-animal uniformity, compared to goats,
which makes it easier to standardize the procedure.
Furthermore, the body weight of adult sheep is more
similar to humans compared to rabbits or dogs.10 For
large animals, such as sheep, ISO recommended di-
mensions of cylindrical implants are stated to be 4
mm in diameter and 12 mm in length for implanta-
tion in femur and tibia.9 In this study, 2 implants (8
mm diameter and 12 mm length) were implanted in
femur and tibia, both left and right. The size of the
sheep allowed this number and dimensions of im-
plants. This was tested in an ex vivo try out prior to
the start of the main study.
Another reason to choose the sheep as animal model
was related to the future studies that are planned to
be executed. The next step in this research is to im-
plant orthopedic cages between cervical vertebrae.
Therefore the human anatomy of the cervical spine
was compared to that of different animal species.
Several studies have shown similarities between
sheep and human regarding cervical spine.11,12 Kan-
diorza et al. stated that the use of sheep cervical
spine is suited as a model for cervical spine research.
Especially the sheep motion segment C3-C4 seemed
to be a reliable model for the corresponding human
motion segment.13
At this stage, however, the main focus was BIC and
BV/TV and therefore long bones (femur and tibia)
were the preferred location for implantation. This
procedure is less complex in comparison with im-
plantation at the location of the spine, bones are easi-
ly accessible and surgery is less invasive for the ani-
mal. Now it has been shown that the coating with Ti-
tanium has a beneficial effect on the adhesion of bone
tissue. The next phase of the study will consist of a
series of implantations in an orthotopic sheep model.
µCT was used in this study for analysis of BIC and
BV/TV for different reasons. Holdsworth and
Thornton already pointed out that µCT has the po-
tential to replace histology.14 µCT is known to be a
nondestructive technique, in comparison with the
conventional approach to morphologic measure-
ments (histology) which entails substantial prepara-
tion of the specimen, including embedding in
methylmethacrylate, followed by sectioning into
slices. The destructive nature of the histology proce-
dure makes it impossible to use the same samples for
other measurements such mechanical testing.
Also for assessing the morphometry of bone, µCT
has many advantages over histology, since it allows a
fast and very precise procedure to quantification of
cancellous and compact bone.15 Moreover, automated
processing techniques can calculate three-
dimensional morphometric indices (like bone densi-
ty, bone surface density, bone implant contact, etc.),
providing a better and more complete image of the
bone morphometry.
In this study, we decided to perform histological
analysis on some of the samples in order to be able to
visualize it in the conventional way as well. However,
this was only as an illustration. We did this only to
support the results of µCT, since the majority of
physicians is familiar with histology rather than with
µCT analyses. The number of samples analyzed by
histology was too small to analyze in a statistical way.
Regarding explantation of the implants some remarks
need to be made: some of the implants were very dif-
ficult to localize due to overgrowth with bone tissue.
In that case, fluoroscopy was used to visualize and lo-
calize the implants. Due to overgrowth of bone tis-
sue, some of the dowels were hit during sawing out.
If this was the case, and only a partial implant was
available for µCT, only the part of the implant that
was unaffected was taken into account.
No significant differences were noticed for BIC and
BV/TV after complete analysis over time in the 3
study groups. The fact that we note a significant in-
teraction effect (p=0.030) for BIC in the 6-12 week
period comparing the titanium group with the con-
trol while the interaction effect for the entire study
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period including all groups is not significant
(p=0.241) can be explained by looking at the ob-
served power in both situations. The observed power
(the ability to detect an effect if the effect exits) for
the full model equals 0,403, while it increases to
0,612 for the more focused analysis.
However, a trend towards significance was observed
between the titanium group and the control group in
the 6 to 12 weeks period. Therefore we decided to
perform a more focused analysis. This additional
analysis confirmed the trend that was noticed in the
beginning. The small number of animals used in the
study, can be a possible explanation why no signifi-
cant differences were observed is the overall analysis.
A significant difference in BV/TV and BIC between
the titanium group and the control group was ob-
served in the 6 to 12 weeks period, which indicates a
faster and more active osseointegration process in
the dowels coated with titanium. Such significant dif-
ferences were not observed between the CaP group
and the control group, and the titanium group and
the CaP group, respectively.
We realize that the low number of animals is a limita-
tion of the study. However, even in this low number,
significant differences were already observed. We be-
lieve that, with larger study groups, more significant
results could be obtained after a complete analysis of
BIC and BV/TV over time in the three groups.
In the control group, a layer of cartilage tissue was
observed between the implant and the bone tissue.
This presence of cartilage tissue is an indication of a
dysfunctional bone formation.
We believe that a nanocoating of PEEK implants
with titanium stimulates bone-implant integration
and that the surface treatment triggers significant
more and earlier bone on-growth.
Conclusion
In conclusion, nanocoating of PEEK implants with
titanium, but not CaP, enhanced biocompatibility of
PEEK in a heterotopic sheep model. This study was
a first step in testing the effects of a nanocoating with
titanium of PEEK implants on bone formation.
For future experiments, it would be interesting to
further investigate the beneficial effects of a titanium
coating versus control PEEK implants in an ortho-
topic sheep model.
With an orthotopic model, we would like to demon-
strate lower cage migration and subsidence rates after
fusion treatment of the vertebral spine.
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